I. INTRODUCTION
Superconducting detectors are finding a key role in astrophysics at far-IR to millimeter wavelengths, where the early universe radiates very strongly. For this paper, we will loosely define the millimeter band as 10 mm 1 mm, the submillimeter band as 1 quency ranges of 30 GHz 300 GHz, 300 GHz 1500 GHz, and 1.5 THz 15 THz, respectively. Two generic approaches are used for astrophysical measurements. Measurements with low spectral resolution of 3-10 are called photometry. They are used to characterize broad spectrum sources such as electron synchrotron and thermal bremstrahlung emission, and thermal emission from interstellar dust grains. Spectroscopy refers to measurements with higher resolution, up to 10 , that are typically used to characterize molecular and atomic spectral lines.
A. Photometry
Photometry at millimeter and submillimeter wavelengths plays a key role in astrophysics. For example, photometry is used to study the cosmic microwave background (CMB), which lights up the sky at millimeter wavelengths and makes up most of the electromagnetic energy in the universe. CMB measurements provide us a snapshot of the early universe 300 000 years after the Big Bang. Measurements of the anisotropy of this radiation have already shown that the geometry of the universe is Euclidean (space is flat) [1] - [3] , have provided the most accurate values for several important cosmological parameters [4] , and have provided very strong support for an inflation-motivated cosmological model dominated by dark energy and containing substantial dark matter. Future measurements of the polarization of the CMB are expected to yield detailed information about the universe at the time of inflation (around 10 s!) and particle physics on the energy scale of Grand Unification [5] - [8] . Also, surveys of the scattering of the CMB as it passes through clusters of galaxies (Sunyaev-Zeldovich effect) promise to locate thousands of clusters of galaxies at all distances where they exist [9] . These data will test the history of the expansion of the universe, the formation of structure, and even gravity on cosmological length scales. A future CMB polarization space mission has been proposed that will use superconducting detectors. Another example is the study of interstellar dust emission from galaxies. The best known signal from galaxies is the thermal emission from stars at visible and UV wavelengths, which is measured using charge-coupled device (CCD) arrays. It has recently been discovered that for some of the earliest, very distant galaxies, most of this starlight does not reach us [10] - [14] . The starlight is instead absorbed by dust and reradiated at longer wavelengths. In fact, the total amount of energy in submillimeter light in the universe is about equal to that in the UV/visible/near-IR band [15] - [17] . Furthermore, the submillimeter band is unique in that galaxies may be seen out to very large distances, because the dust emission spectrum has a very steep long-wavelength slope , so that the cosmological frequency redshift essentially compensates for the dimming due to the increasing distance. Measurements of this dust emission by submillimeter photometry give us the total luminosity of the galaxy, which is related to the rate at which stars are forming, and also provides information about the behavior of the dust. A future 10-m class space telescope has been proposed to exploit this scientific opportunity [18] .
The detector technologies used for photometry depend on the wavelength. Cooled high electron mobility transistor (HEMT) amplifiers, followed by diode detectors, are often used for 3 mm [19] . Thermal direct detectors, especially semiconducting bolometers [20] - [22] are in current use for 3 0.2 mm. Semiconducting photon detectors are generally used for wavelengths 0.2 mm [23] . A new generation of bolometer is being developed which uses a superconducting transition-edge sensor (TES) element as the thermistor [24] . This approach lends itself to focal planes of thousands of pixels and is replacing semiconducting bolometers in systems now under construction. Also, prototypes exist for superconducting photon detectors operating in the same wavelength range. These generally have less stringent requirements for cooling than bolometers and, thus, may become the technology of choice at some future time.
B. Spectroscopy
The measurement of spectral lines also plays a critical role in astrophysics at millimeter and submillimeter wavelengths. Molecular rotation lines dominate at millimeter and submillimeter wavelengths and atomic fine structure lines at far-IR wavelengths [25] . Resolutions as large as 10 are often needed to measure Doppler shifts and spectral line profiles. Direct detection instruments such as bolometers behind grating or Fabry-Pérot spectrometers [26] - [30] are used at moderate resolution, while heterodyne receiver systems using superconducting mixers as frequency downconverters are used for higher spectral resolution 10 [31] - [35] . These include the superconductor-insulator-superconductor (SIS) tunnel junction mixer for 3 0.25 mm and hot-electron bolometer (HEB) mixers at shorter wavelengths.
Heterodyne receivers are quite familiar to most electrical engineers: an RF signal picked up by an antenna at frequency and the sine-wave output of a "local" oscillator (LO) at frequency are combined in a nonlinear device known as a mixer, which generates the beat frequency , also known as the intermediate frequency (IF). The IF signal may then be further downconverted or demodulated. For radioastronomical spectroscopy, the IF signal is processed by a multichannel spectrum analyzer, such as a filter bank, acoustooptical spectrometer (AOS) [36] , or a digital correlator [37] - [41] . The IF spectrum is a replica of the original RF spectrum, and very high spectral resolution is possible, since . Typically, radio or microwave mixers are implemented using semiconductor diodes [42] , e.g., GaAs Schottky diodes, and are not particularly low noise. Thus, the antenna signal is usually sent through a low-noise amplifier (LNA) prior to mixing, so that the noise and conversion efficiency of the mixer is not critical for the overall receiver system performance. Indeed, cryogenic HEMT amplifiers are widely used for radio astronomy at centimeter wavelengths [19] . However, at very high frequencies, in the millimeter through far-IR bands, LNAs do not exist, and so very sensitive first-stage mixers are needed. In addition, the output power of tunable submillimeter LO sources is generally quite low [33] , so mixers with low LO power requirements are needed. Cryogenically cooled semiconductor diodes have been used for first-stage mixers in the past [43] - [46] , although by now they have been replaced by superconducting tunnel junction (SIS) or HEB mixers.
The use of direct detection instead of heterodyne detection is highly desirable for moderate spectral resolution when the photon background is low [26] , [47] . This is because heterodyne systems have a fundamental minimum noise floor known as the quantum limit [48] , [49] which does not apply to direct detection systems. However, there are a number of technical challenges which make it preferable to use heterodyne receiver systems when high spectral resolution ( 10 -10 ) is needed [50] - [52] at long wavelengths. Another key application for superconducting heterodyne receivers is aperture synthesis interferometry using a multiple telescope array, which allows much higher spatial resolution images to be obtained than when using a single telescope [53] - [55] . In this technique, the downconverted signals from the telescopes are brought together, typically using optical fiber transmission, and are cross correlated [40] , [41] . ALMA, which at present is the world's largest radio astronomy project, will be a 64-element array of 12-m telecopes located on a high plateau in the Atacama desert in Chile [56] , operating at frequencies between 30 and 950 GHz. The development of superconducting SIS receivers made this project possible; in fact, large arrays were already being contemplated in the early 1980s [57] - [59] , only a few years after the very first SIS receivers were demonstrated (in 1979).
Submillimeter spectroscopy and interferometry are very powerful tools for the study of star and planet formation. Stars are formed by gravitational collapse deep inside cold molecular gas clouds, which also contain large amounts of dust which makes them opaque at visible or near-IR wavelengths. Most of the gas in molecular clouds is cool, 10-20 K, and emits primarily at millimeter wavelengths. However, the radiation from newly formed stars heats the surrounding gas and dust, evaporating ices from the dust grains, which drives a complex network of chemical reactions and results in a vast forest of bright submillimeter spectral line emission [60] - [62] . Water is of course a particularly interesting species to study. Understandably, the earth's atmosphere is opaque at the rotational transition frequencies of water [63] , so observations of interstellar water generally require airborne [32] , [64] or space [31] , [65] , [66] observatories.
Newly born stars are thought to be formed from and surrounded by disks containing gas and dust, which may also later form planets. These disks are illuminated by ultraviolet light from the star, which causes the gas in the disk to heat up and emit strong lines in the submillimeter [67] . Millimeter and submillimeter interferometry are especially useful for studying the physical structure and dynamics of these disks [68] . It is even possible that at the end of its life, a dying star undergoes an episode in which a large increase in its luminosity evaporates the water ice from the comet-like debris left over from the disk, a process which is observable in the submillimeter range [69] .
Star formation processes may also be studied at larger scales using long-wavelength observations of galaxies. Particularly interesting are the "starburst" or "ultraluminous IR" galaxies (ULIRGs) [70] , in which a galaxy collision or merger compresses and shocks the interstellar gas and triggers an episode of rapid star formation. Submillimeter and far-IR spectroscopy [71] - [76] provides valuable information about the warm molecular and atomic gas which is heated by the newly formed massive stars (or the supernova explosions which follow!), while interferometry [77] provides detailed images of the central regions of these galaxies, where much of the activity takes place. Similar processes may explain the properties of the submillimeter-bright galaxies at high redshifts [78] - [80] . In the future, it may be possible to study the physics of these distant galaxies using very sensitive, moderate resolution direct-detection spectroscopy [26] with a cold space telescope [18] .
II. TRANSITION-EDGE BOLOMETERS

A. Introduction
A TES bolometer for millimeter and submillimeter wavelength astrophysics consists of a radiation absorbing element attached to a thin superconducting film with a transition temperature , which is weakly coupled to a heat sink at temperature . This TES is heated by a constant voltage bias to an operating point within the superconducting transition. The current through the TES is coupled to a superconducting quantum interference device (SQUID) which acts as a low noise current amplifier. In one typical device architecture, called a leg-isolated bolometer, the absorber and TES are deposited on a very thin membrane of Si or low-stress silicon nitride (LSN) for low heat capacity. The membrane is patterned into narrow legs which provide mechanical support with negligible thermal conductance. Metallic leads deposited on the legs provide electrical connection to the TES and the thermal conductance between the TES and the heat sink.
B. Device Physics
Superconducting bolometers have been known for 60 years, but rarely used. Traditionally, the sensor was biased with a constant current and read out with a voltage amplifier. The bias power then increased with temperature due to the increase of resistance near . This produced a positive electrothermal feedback which led to instability and even thermal runaway. The new idea due to Irwin [81] is to use a constant voltage bias to give a negative electrothermal feedback which stabilizes the temperature of the TES at the operating point on the transition. This voltage-biased TES bolometer has many of the traditional advantages of a transducer with large negative feedback including linearity, bandwidth, and immunity of the response to changes in external parameters such as the absorbed optical power and the temperature of the heat sink. These devices are produced entirely by thin-film deposition and optical lithography. Consequently, they are suitable for large format arrays.
In practice, the thermal conductance from the TES to the heat sink is chosen so that with no bias, the largest anticipated optical power will heat the TES to . The bias voltage is chosen so that for small optical power , the TES will heat to a steep point on the transition. For intermediate values of , the electrothermal feedback keeps the total power input (and, thus, the temperature) constant. The response of the bolometer current to a change in the optical power is called the current responsivity . For a thermal circuit with a single pole response [82] ( 1) where is the loop gain, is a measure of the steepness of the superconducting transition, is the differential thermal conductance and is the effective time constant. For a typical loop gain 10 , the low-frequency responsivity becomes , and depends only on the bias voltage and is independent of the signal power and the heat sink temperature. The effective time constant is much shorter than the time constant without feedback . In practice, the full reduction in is rarely seen because most devices do not have a single pole thermal circuit. For example, delay in the transfer of heat from the absorber to the TES (an internal time constant) is not reduced by feedback and typically produces time constants of a few milliseconds.
As shown in Fig. 1 , the TES is transformer coupled to the SQUID by an input coil. A current-biased shunt resistor is used to provide a constant voltage bias to the TES. When the shunt resistor is operated close to the detector temperature, this configuration gives negligible Johnson noise from the bias network. The SQUID readout has a number of advantages over the JFET amplifier used with a conventional semiconducting bolometer. It can operate at or near the bolometer temperature, has very low power dissipation, and has large noise margin. Also, the low characteristic impedances make the TES/SQUID system much less sensitive to microphonic pickup than conventional high-impedance bolometers with JFET readouts. The films and lithography used to produce SQUIDS are similar to those for TES bolometers, so integration on the same chip can be considered.
The current noise of the bolometer with no optical input can be written as a quadrature sum of contributions from thermal fluctuation noise, Johnson noise, and SQUID noise referred to the SQUID input [82] . At frequencies below , thermal fluctuation noise usually dominates. At higher frequencies, Johnson noise dominates. Both of these noise sources decrease with decreasing temperature. The SQUID noise is typically negligible when it is properly coupled.
The most sensitive measurements of an astrophysical signal are made by minimizing the optical power from warm parts of the apparatus and by making the noise sources from the bolometer small compared with the photon noise from the total optical power . For ground-based telescopes, contains contributions from the atmosphere and the ambient temperature telescope optics in addition to the astronomical signal. Photon noise limited operation can generally be achieved in photometric bandwidths by bolometers with a noise equivalent power (NEP) 10 W Hz which can be obtained by cooling to K with a He sorption refrigerator. For space experiments with cooled optics, an NEP 10 W Hz is needed for photometry, which can be obtained by cooling to 0.1 K with dilution or magnetic refrigerators. As discussed in Section I-B, moderate resolution direct-detection spectroscopy with a cold space telescope is of considerable scientific interest, but will require NEP 10 W Hz , which is difficult to achieve with present technology.
Bolometric receivers require filters to define the required photometric bands. Since many astronomical sources are brighter at shorter wavelengths, it is particularly difficult to block unwanted shorter wavelength radiation. Combinations of cold multilayer metal mesh filters and cold absorption filters made from various materials are used. Not all of the in-band optical power incident on a bolometric receiver is absorbed in the bolometers; optical efficiencies typically range from 40% to 80%.
C. TES Calorimeters
The voltage-biased TES concept finds applications outside of the millimeter-wave bolometers described in this paper. Related devices have been developed as photon detectors from optical to gamma ray wavelengths [83] - [86] . The characteristic time for a photon to deposit its energy in the absorber is short compared to the thermal relaxation time of the device, so the height of the pulse is proportional to the energy of the absorbed photon. Detectors operated in this mode are called calorimeters. In addition to measuring the photon flux, they can obtain the spectrum of the source with high resolution. Individual TES calorimeters are used for laboratory X-ray spectroscopy [87] , [88] . Large arrays of TES X-ray calorimeters are being developed for spectroscopic imaging on major astrophysical space missions [89] , [90] .
D. TES Bolometer Designs
The range of wavelengths where TES bolometers will be used lies between the millimeter wave technology of antennas and monolithic microwave integrated circuit (MMIC) amplifiers and the IR technology of close-packed arrays of photon detectors. The fabrication technologies used for TES bolometers are very flexible and specialized detectors are being developed to meet the needs of specific observations.
The 1024-pixel bolometer array structure shown in Fig. 2 is a step in the development of close-packed arrays to be placed in the focal plane of a far-IR telescope [91] . A single pixel is shown in Fig. 3 . The absorbing element is a square mesh of 1-m-thick LSN several wavelengths across, which is metallized with gold to produce an average sheet resistance of 377 per square. A conducting backshort is located a distance 4 behind the mesh. This mesh absorber is designed for low heat capacity and low cosmic ray cross section. It is supported at four points (arrows) by low thermal conductivity beams of LSN which lie along the edges to permit close packing of the pixels. The thermistor at the center of the mesh is made from a proximity-effect sandwich of Al and Ti to produce 400 mK, which is appropriate for bolometers operated using He sorption refrigerators. Fully superconducting leads will be used from the thermistors to the edges of the array by way of the beams and the dividing strips between pixels. Other designs for close-packed arrays use micromachining and folding [92] to bring the leads out in the third dimension. Alternatively, In bump bonds may be used to bring the leads to a second wafer which contains the wiring and the backshorts or even the SQUID multiplexer circuitry. Arrays of 1280 such bolometers are being developed for the SCUBA-2 instrument for the JCMT telescope [93] , to be used in 2 2 mosaics.
Some of the most successful conventional submillimeter and millimeter wave bolometer systems use an array of close-packed conical horn anntenas in the focal plane. The bolometers, which are located at the small ends of the horns, are then separated sufficiently for easy support and wiring. The TES spiderweb bolometer structure [94] shown in Fig. 4 , which has radial support legs, is appropriate for such systems. Arrays of such bolometers are being fabricated for ground-based surveys for clusters of galaxies using the Sunyaev-Zeldovich effect. Interest is developing in the use of planar lithographed antennas to couple bolometers to a telescope [95] - [102] (see also Section IV-C and Figs. 12 and 13). This approach is very promising for CMB polarization measurements. Fig. 5 shows TES bolometers coupled by a dual-polarization double-slot dipole antenna [103] , [104] in a Nb ground plane. Antennas of this type couple to the telescope optics by way of extended hemispherical Si lenses. Another approach is to combine the outputs of several antennas with the proper phases to produce a narrower antenna pattern which can couple directly to the telescope optics [105] - [107] ; a prototype antenna of this type has already been demonstrated. In the device shown in Fig. 5 , Nb microstrip lines couple the antennas to microstrip filters which are used to define the measured frequency band and then to small resistive terminations which form the absorbing elements of leg-isolated TES bolometers. Transmission line filters are far more compact than the metal mesh filters that are conventionally used with bolometers. It is hoped that they will also be more efficient. It seems possible to use a transmission line channelizer to obtain several bands from a single antenna. Much of the superconducting antenna, microstrip, and filter technology being explored for these bolometers has been previously developed for SIS heterodyne mixers at submillimeter and millimeter wavelengths and for picosecond Josephson digital logic. Antenna-coupled TES bolometer development is just beginning and many interesting ideas have yet to be tested.
The small area of these antenna terminations makes them compatible with an alternative TES device, the HEB [108] . A TES with a small area is deposited directly on the Si substrate without any legs for thermal isolation. At temperatures 0.1 K, the weakness of the electron-phonon interaction impedes the flow of heat from the metal into the dielectric substrate and can provide values of thermal conductance that are appropriate for low-background astronomical bolometers. Techniques for further weakening the electron-phonon interaction are being explored [109] - [111] with the goal of producing bolometers with NEP 10 W Hz . At the other extreme, the use of very fast HEBs for heterodyne mixing is described in Section V.
E. Output Multiplexing
Instruments are now being developed that will have thousands of bolometers in a focal plane operated at temperatures below 1 K; the most ambitious example is the SCUBA-2 instrument with 10 pixels [93] , [112] . Many difficult cryogenic problems arise in such systems. If, for example, a SQUID amplifier is required for each bolometer, there must be at least five leads from the cold stage for each pixel. Much effort is being made to produce an output multiplexer that will permit a column of 30 bolometers to be read out through a single SQUID amplifier without any degradation in performance. Such multiplexers will be of great value in applications of other TES devices, including X-ray calorimeters.
Two generic approaches are being explored. In the time-domain multiplexer, each bolometer is equipped with a switch activated by a control line. Signals from the column of bolometers are switched sequentially to the output amplifier. The number of bolometers that can be multiplexed is limited by the fact that each bolometer is read out for th of the time. The noise margin of the output amplifier is, thus, degraded by a factor . The National Institute of Standards and Technology (NIST) group [113] - [115] has developed a time domain multiplexer that uses SQUIDs as switches, as shown in Fig. 6 . Several generations of this multiplexer have been successfully tested, and experience is being obtained with small systems at telescopes [28] .
In the frequency-domain multiplexer being developed by groups at Berkeley [116] - [118] and elsewhere [119] - [121] , Fig. 7 . Berkeley frequency-domain multiplexer. Each TES is ac biased at a separate frequency. LC filters are used to select the bias from a comb of frequencies on a single bias line and to prevent build up of broad-band Johnson noise in the output from each TES. The currents through a row of detectors are summed at the input of an array SQUID amplifier. Out-of-phase signals from the bias source can be used to null the carrier frequencies from each TES to reduce the demands on the amplifier. each bolometer in a line is ac biased at a different frequency. The bolometer currents are summed at the input of a series array SQUID amplifier, as shown in Fig. 7 . Lock-in demodulators are used at ambient temperature to recover the bolometer signals. The limitation to the number of bolometers that can be multiplexed is set by the slew rate of the SQUID output amplifier. Since the optical signals are contained in the sidebands of the carrier frequencies, inputs from the bias source can be used to null the carriers at the input to the amplifier. Using this technique, it should be possible to multiplex 30 bolometers without degradation of performance. The frequency-domain multiplexer is not as advanced as the time-domain system. Prototypes have been produced and are being tested.
III. PAIR-BREAKING AND TUNNEL JUNCTION DETECTORS
A. Pair-Breaking Detectors
An alternative approach to photon detection using superconductivity is to operate far below the transition temperature . In this situation, most of the electrons are bound together into Cooper pairs [122] . Photons absorbed in the superconductor may break apart these Cooper pairs to produce single electrons, or, more accurately, quasi-particles, provided that the photon energy exceeds the binding energy of the pair . This process is very analogous to the creation of an electron-hole pair in a semiconductor photodetector. One key advantage of this type of detector, which was recognized very early [123] , is that the fundamental noise due to the random generation and recombination of thermal quasi-particles [124] decreases exponentially with temperature, as . In contrast, bolometric detectors convert the incoming radiation into heat rather than quasiparticle excitations, and their sensitivity exhibits a slower power-law dependence with temperature. However, since the photoproduced quasi-particles are in a sea of Cooper pairs, one needs a method to measure their presence or to separate them out. Typical substrate materials on which the layers are deposited are high-resistivity silicon or sapphire for quasi-optical mixers or quartz for waveguide mixers. For a standard junction process, the base electrode is 200-nm sputtered niobium, the tunnel barrier is made using a thin (5-nm) sputtered aluminum layer which is either thermally oxidized (Al O ) or plasma nitridized (AlN), and the counterelectrode is 100-nm sputtered niobium or reactively sputtered NbTiN. The entire SIS trilayer is deposited in a single deposition run. The junction area is then defined by photolithography or electron-beam lithography and reactive ion etching (RIE) of the counterelectrode, followed by deposition of the dielectric isolation layer (200 nm), which is typically thermally evaporated SiO or sputtered SiO . The wiring layer provides the contact to the top of the counterelectrode, and is usually niobium for < 700 GHz, and either NbTiN or a good-quality normal metal (e.g., Al or Au) for higher frequencies.
B. STJ Detectors
The first suggestion for a pair-breaking detector, made over 40 years ago [123] , involved tunnel junctions (see Fig. 8 ); these are generically called superconducting tunnel junction (STJ) detectors. In a rough sense, the tunnel junctions are used to filter out the Cooper pairs but let the quasi-particles pass. Single energetic particles or photons may break a large number of Cooper pairs into quasi-particles, thereby producing a current pulse flowing through the tunnel junction, whose amplitude indicates the energy of the event [125] - [136] . Alternatively, a steady flux of submillimeter photons absorbed in the superconductor will produce a dc current in the junction. Antenna-coupled versions (see Section IV-C) of this idea [137] could yield very sensitive detectors, perhaps in the 10 W Hz range. Ideas have been proposed for multiplexed readout of tunnel junction detectors [138] using RF single-electron transistors (RF-SETs) [139] .
C. RF Kinetic Inductance Detectors
The quasi-particles produced by pair-breaking photons may also be sensed by measuring the complex ac surface impedance of the superconductor. At finite frequencies, the surface impedance is nonzero and is in fact largely inductive; this is known as the kinetic inductance effect due to its connection with the kinetic energy of motion of the Cooper pairs. Furthermore, the surface impedance responds to changes in the quasi-particle population, even at very low temperatures [140] , [141] . This opens up the possibility of making very simple detectors [142] , [143] , which consist of high-thin-film microwave resonators, using coplanar waveguide transmission lines [144] for example. Photons absorbed in the superconductor change the resonance frequency, which can be sensitively monitored using an RF/microwave readout system. Such RF kinetic inductance detectors (RF-KIDs) have now been demonstrated [145] , [146] for single-photon X-ray detection and have the great advantage of being easily frequency multiplexed. Large arrays of such detectors seem to be quite feasible. Another highly appealing aspect of RF-KIDs, especially from a systems engineering standpoint, is that almost all of the readout circuitry would be at room temperature, outside the cryostat, and could make use of the RF integrated circuits developed for wireless communications. Superconducting detectors with microwave readouts have been proposed in the past, but using nonresonant measurements of changes in the surface resistance [147] , [148] .
D. SQUID Kinetic Inductance Detectors
Another possibility is to use a dc SQUID to read out the changes in the kinetic inductance (SQUID-KIDs). This idea was originally proposed for bolometers using kinetic inductance thermometers [149] - [154] . For this mode of operation, the radiation is converted to heat, and so the temperature of the superconductor must be kept close to , where the variation of the kinetic inductance with temperature is largest. As noted earlier, a significant advantage can be gained if the radiation is directly absorbed by the superconductor to produce quasi-particle excitations rather than heat; SQUID-KIDs using this mode of operation have been proposed [140] , [155] . Multiplexed readouts of SQUID-KIDs should be possible, with approaches similar to those followed for TES bolometers, but have not been studied in any detail yet.
E. SIS Photon Detectors
As discussed in Section IV-B (see Fig. 9 ), superconducting (SIS) tunnel junctions may directly convert submillimeter photons to electrical current through the process of photonassisted tunneling, with a responsivity approaching one electron per photon. This effect is widely used for heterodyne mixing, but may also be employed for direct detection. The sensitivity of this device is determined by the leakage current, which can be rather high for low-resistance junctions that are easily matched to antennas. Nonetheless, an NEP in the range 10 W Hz appears to be possible, and this device is actively being developed for astronomical use [156] .
F. SIN Junction Microbolometers
An SIN tunnel junction differs from an SIS junction (see Fig. 8 ) in that one of the electrodes is a normal metal. In order for an electron to tunnel from the normal metal into the superconductor, it must have an energy above the Fermi level of at least , where is the gap parameter of the superconductor and is the junction bias voltage. Thus, the junction current probes the tail of the Fermi distribution of electrons in the normal metal, and consequently is exponentially sensitive to the electron temperature , scaling as [157] . An SIN junction is, therefore, a good thermometer for measuring the electron temperature in a normal metal. This property was exploited by Nahum and Martinis [158] to design a hot-electron microbolometer, in which the absorbed radiation heats the electrons in the normal metal, and the increase in is measured using the SIN junction. SIN microbolometers enjoy a negative feedback effect [158] , [159] , since the tunneling electrons also carry away heat from the normal metal. The theory of these devices has been developed in some detail [160] , [161] , experimental characterization of antenna-coupled detectors is ongoing [162] , [163] , and the use of a dc SQUID readout is being investigated [164] .
IV. TUNNEL JUNCTION (SIS) MIXERS
A. Introduction
STJ mixers, also known as SIS mixers due to the superconductor/insulator/superconductor sandwich structure of the junctions (see Fig. 8 ), may be thought of as high-performance versions of the well-known semiconductor diode mixers. In diode mixers, the mixing process can be considered to be a classical effect, arising from the rectification of the RF waveform applied to the diode due to the nonlinear nature of the current-voltage (I-V) characteristic of the diode. However, for SIS mixers, it is necessary to take a quantum-mechanical view of the device operation, in which the output current is considered to be the result of photon-assisted tunneling of electrons. The physics of this effect was demonstrated experimentally in the early 1960s by Dayem and Martin [165] , and explained theoretically by Tien and Gordon [166] . The first demonstrations of SIS mixing were published [167] , [168] in 1979, after the technology for making suitably small-area SIS junctions had been developed. Phillips and Woody [43] provided an interesting summary of early SIS work. A more comprehensive review of the field was given in 1985 by Tucker and Feldman [58] ; this paper still serves as the fundamental reference for SIS mixers. Subsequent reviews [45] , [50] , [169] - [172] give summaries of more recent developments. 
B. Basic Physics and Limitations
The basic physics of photon-assisted tunneling is described in Figs. 9 and 10 . In short, the existence of an energy gap in the electronic density of states in a superconductor prevents electrons from tunneling across the junction until the applied bias voltage provides enough energy to the tunneling electrons to overcome the gap energy. Thus, the current turns on sharply for , as shown in Fig. 10 . However, when an RF field at frequency is applied, photon-assisted tunneling is possible, which now can occur for . Thus, SIS junctions behave very much like optical or IR photodiodes, in which the output current consists of one electron per photon absorbed. Indeed, this simple intuitive picture is able to explain the basics of SIS design and operation [43] , [170] , [173] - [175] . In this picture, the key figure of merit is the quantum efficiency , which describes the overall probability for an incoming photon to be absorbed by the SIS junction to produce a tunneling electron. By careful design of the coupling structure, and especially paying attention to the impedance match to the SIS junction, the ideal limit may be approached. For a given value of quantum efficiency, the best noise temperature that may be obtained is [single sideband (SSB)]. The photodiode picture also explains one of the principal frequency limitations of SIS mixers: for , the photon energy is sufficiently large to allow photon-assisted tunneling in the reverse direction. For all-Nb SIS junctions, the limit is THz; operation to 1.6 THz should be possible if NbN or NbTiN is used for at least one junction electrode.
In order to go beyond the photodiode picture, to be able to perform detailed simulation and optimization of mixer circuits, one needs a more comprehensive theory. This theory was provided by Tucker [58] , [176] - [178] , who extended the Tien-Gordon analysis and tunnel junction noise theory [179] to provide a complete description of the signal and noise properties of tunnel junctions used as mixers. Tucker's theory is a semiclassical theory, in which the junction is treated quantum mechanically while the radiation field is treated classically. The extension to a fully quantum approach is not difficult [173] and shows that the sensitivity of an SIS receiver system can approach [180] but never be better than the quantum limit:
(SSB). Detailed design calculations using the Tucker theory require significant computation, including solution of the nonlinear problem of finding the LO waveform, which is typically done using harmonic-balance techniques [181] , [182] . Stability issues [183] are also very important. Sophisticated software packages are available to perform these computations for multijunction circuits, including the simulation of the superconducting RF circuitry [184] , [185] ; see Fig. 10 .
C. Design Approaches
A typical tunnel junction size is 1 m. Because this is so much smaller than the wavelength being received, an antenna and associated coupling circuitry are needed to bring the radiation to the junction. There are two major ways to accomplish this task: waveguide coupling and quasi-optical coupling. The more traditional microwave-engineering approach is waveguide coupling, in which the radiation is first collected by a horn into a single-mode waveguide, typically a rectangular guide. One then needs a transition or "probe" which couples radiation from the waveguide onto a lithographed thin-film transmission line on the SIS chip itself. There are numerous examples of this approach [45] , [186] - [188] ; see Fig. 11 . Using modern three-dimensional electromagnetic simulation software, it is now possible to design probes which offer excellent performance over an entire waveguide band [189] . One major complication of the waveguide approach is that the mixer chip must be very narrow, and must be fabricated on an ultrathin substrate. Modern micromachining techniques [190] - [192] are helpful in this regard (see Figs. 11 and 15) , and mixer assembly may be simplified through the integration of beam leads on the SIS chip [192] - [194] .
The other major approach is quasi-optical coupling, shown in Fig. 12 , in which case one omits the intermediate step of collecting the radiation into a waveguide, and instead uses a lithographed antenna on the SIS chip itself. Such mixers are substantially simpler to fabricate and may be produced using thick substrates. The first such SIS mixer [195] used a bow-tie antenna, which is broadband but suffers from a nonideal beam pattern [196] . Subsequent experimental and theoretical work [197] - [207] has shown that a 90% coupling efficiency may be achieved using optimized antennas and lenses. Dual-polarization designs are also possible [103] , [208] , [209] . Planar antenna calculations are typically carried out using rigorous moment-method techiques, and the effect of the lens is evaluated using ray-tracing and diffraction calculations, sometimes including multiple internal reflections. [247] . The chip is approximately 2 mm long and 0.24 mm wide, and was fabricated at JPL [272] on 25-m-thick silicon, through a novel JPL-developed process utilizing silicon-on-insulator (SOI) bonded wafers, in which the 25-m silicon layer is mechanically supported by a much thicker "handle" layer throughout most of the processing. The 1-m-thick gold beam leads extend beyond the edges of the substrate and are used to make a good electrical "ground" contact to the metal waveguide block, facilitating mixer assembly. This design uses a broadband radial waveguide probe [189] , [273] , a novel distributed/lumped-element SIS matching circuit with a series tuning inductance, a Nb/AlN/Nb SIS junction, and a broadband CPW/microstrip RF choke that simultaneously serves as a 4-20 GHz IF output transformer. Fig. 15 shows another example of a chip fabricated on ultrathin silicon-in that case, a 585-GHz HEB mixer. Fig. 12 . Schematic diagram of the "reverse-microscope" quasi-optical coupling approach pioneered by Rutledge and Muha [274] . Because planar antennas on dielectric substrates tend to have wide beam patterns and receive radiation preferentially from the dielectric side, a hyperhemispherical or elliptical substrate lens is used to convert the incoming radiation into a wide-angle converging beam inside the dielectric, coming to a focus on the antenna, thereby matching the antenna receiving pattern. An antireflection coating on the lens may be used to improve the efficiency [201] .
D. Tuning Circuits, Materials Properties, and Terahertz Operation
One of the major challenges in SIS mixer design is providing an impedance match to the tunnel junction, which is highly capacitive, since it is a parallel-plate structure with two electrodes that are separated by only 1 nm of insulation. Typical values of the junction specific capacitance are in the range 60-100 fF m , depending on the materials used, current density, etc. Thus, for a typical 1-m junction, at 500 GHz-quite far from the typical 50-impedance levels for RF circuits. As a consequence, on-chip inductive tuning circuits are needed to compensate for the junction capacitance. The tuning inductor may be either a parallel [186] , [210] , [211] or series [212] element, or be placed in between two SIS junctions [213] - [215] ; see Fig. 13 . Typically, the tuning inductance is a short section of thin-film superconducting microstrip line [216] - [218] . For   Fig. 13 . Image of the central region of a quasi-optical SIS mixer chip with a twin-slot antenna [220] . The radial stubs serve as RF short circuits and couple the radiation received by the slots into the thin-film Nb/SiO/Nb superconducting microstrip circuitry. This chip uses two Nb/Al O /Nb SIS junctions [275] ; the short microstrip section in between the junctions provides the tuning inductance needed to compensate the junction capacitance [214] .
all of these cases, the RF bandwidth of the mixer is fundamentally limited by the RC product of the SIS junctions [219] , to about 100 GHz for Nb/Al-oxide/Nb junctions [220] and increasing to 300 GHz for devices with AlN barriers [221] . This bandwidth limit may be circumvented using distributed circuit techniques [222] - [224] , at the expense of fabrication and/or design complexity.
One of the reasons that millimeter-wave SIS mixers are so sensitive is that the tuning inductance has very little loss. However, above 700 GHz, tuning inductors made with the most commonly used superconductor (niobium) become lossy [225] because photons have enough energy to break Cooper pairs , and the mixer performance degrades rapidly. Various approaches have been used to mitigate this problem [226] , including the use of normal [190] , [220] , [222] , [227] , [231] , [232] , [234] , [235] , [237] , [238] , [276] - [284] . The HEB data are from [236] , [285] - [296] . metal circuits [227] , [228] , higher gap superconductors such as NbN or NbTiN [229] - [237] , and very high current density AlN-barrier junctions [221] , [233] , [238] , [239] . At present, SIS mixers have been successfully operated at frequencies up to 1.25 THz-the latest result for the Herschel/HIFI 1.2-THz SIS mixer is 530 K (DSB) uncorrected, and below 400 K after correction for the LO beamsplitter [280] . The upper frequency limit using currently available technology is around 1.6 THz.
E. Performance
Fig. 14 shows a plot of selected receiver noise temperature results. Below 400 GHz, the best results are just a few times the quantum limit, dropping below 0.1 K/GHz. Above 500 GHz, quasi-optical receivers offer very strong competition to waveguide systems.
F. New Directions
Now that millimeter-wave SIS technology has reached a fairly mature state, the emphasis has shifted toward receivers that are more capable, easier to operate, and easier to assemble, particularly in response to the needs of projects such as ALMA [56] , [240] . Development goals include wide RF bandwidth with fixed-tuned operation, wide IF bandwidth, dual polarization, balanced mixers, sideband separation, and beam-lead contacts [19] , [192] - [194] , [208] , [209] , [241] - [251] . The ALMA memo series [252] is a particularly valuable source of technical information for this area, describing the latest progress being made by the numerous institutions involved in ALMA development. The Space Terahertz Technology conferences [253] also capture much of the latest work.
V. HOT-ELECTRON BOLOMETER MIXERS
HEB mixers using semiconductors were invented in the early 1970s [254] and played an important role in early submillimeter astronomy [43] , but were superceded by SIS mixers by the early 1990s. However, the development of superconducting versions [255] , [256] of this basic concept has led to the most sensitive mixers at frequencies in the terahertz region that are beyond the reach of SIS mixers. HEB receiver systems are just now starting to be used for astronomy [257] .
In principle, HEB mixers are quite similar to the transition-edge bolometers described in Section II. A film is biased near its superconducting transition, so that its resistance is strongly influenced by the small temperature changes caused by the absorption of radiation. The main difference between HEB mixers and ordinary bolometers is the speed of their response: HEB mixers should be fast enough to allow GHz output (IF) bandwidths. High speed is achieved by allowing the radiation power to be directly absorbed by the electrons in the superconductor, rather than using a separate radiation absorber and allowing the energy to flow to the superconducting TES via phonons, as ordinary bolometers do. When a photon is absorbed in a metal, a single electron initially receives the photon energy . This energy is rapidly shared with other electrons, producing a slight increase in the electron temperature. The electron temperature subsequently relaxes to the bath temperature, usually through the emission of phonons.
An HEB takes advantage of this effect: near , the superconductor's resistance is sensitive to the electron temperature. The thermal relaxation time of the electrons can be made fast by choosing a material with a large electronphonon interaction, such as NbN [256] , [258] , [259] , and using very thin films so that the phonons can escape into the substrate before being reabsorbed by the electrons. Alternatively, can be made rapid using electron outdiffusion [260] . For a fixed , the heat capacity sets the required LO power and can be minimized by using a very small volume ( 10 m ) of a superconducting film. The theory of these devices is still under development, and typically invokes a "hot-spot" resistive region in the center, whose size responds to changes in the applied power [261] - [266] . Coupling to the device is very straightforward, since the RF impedance is essentially resistive, and can be done either with waveguide [191] , [192] (see Fig. 15 ) or quasi-optical techniques as described in Section IV-C.
Both phonon-cooled and diffusion-cooled devices have been operated at 2.5 THz and above, with IF bandwidths of several gigahertz. Selected results are shown in Fig. 14 . The performance of these devices has been steadily improving [256] such that the best results now drop substantially below 1 K/GHz. The phonon-cooled NbN devices generally outperform the diffusion-cooled type at present, although improvements to the latter type may be possible [267] - [270] . Most of the HEB measurements at higher frequencies are performed using far-IR gas lasers, which have high output power at discrete frequencies, allowing the use of very weakly reflecting beamsplitters for LO injection. However, the LO power requirements for HEB mixers are quite low, and it should be possible to drive them using continuously tunable solid-state multiplier chains. An early experiment [271] at 1.5 THz using a waveguide NbN mixer showed that this is indeed possible, achieving a DSB noise temperature around 1500 K with 1-W LO power.
VI. SUMMARY
The millimeter through far-IR wavelength bands have enormous potential for scientific discovery, allowing the study of the birth of planets, stars, galaxies, and even the universe itself at 10 s. Superconducting detectors and mixers are proving to be essential for realizing this potential. A whirlwind of innovation has swept the field during the last decade, yielding a wide variety of promising detector and mixer types, as well as providing breakthroughs in multiplexing for large arrays. Numerous techniques developed for more mature technologies (e.g., SIS mixers) are being adapted for use with newer devices (e.g., TES bolometers). One can hope that this flurry of innovation will lead to instruments that are powerful enough to achieve the scientific goals that we see on the horizon.
